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WKDW WKHZHOGLQJFRQVXPDEOHVDQGEDVHPHWDOPXVWKDYHDJRRGPDWFKLQJ:HOGLQJFRQVXPDEOHV W\SHV IRUQLFNHO
VWHHO LQFOXGH IHUULWHEDVH DXVWHQLWHEDVH1LEDVHDQG)H1LEDVH>@&XUUHQWO\1LEDVH W\SHZHOGLQJFRQVXPDEOHV
ZLWKODUJHDPRXQWRIQLFNHOHOHPHQWVLVPXFKXVHG7KHUHDUHJUHDWGLIIHUHQFHVEHWZHHQFKHPLFDOFRPSRVLWLRQRI1L
EDVH ZHOGLQJ FRQVXPDEOHV DQG EDVH PHWDO LW LQFUHDVHV WKH GLIILFXOW\ RI QLFNHO VWHHO ZHOGLQJ HVSHFLDOO\ IRU WKH
RYHUKHDGZHOGLQJSRVLWLRQZHOGLQJLVQRWHDV\WREHFRQWUROOHG
;1L LV D NLQG RI ORZFDUERQ KLJKVWUHQJWK TXHQFKHG DQG WHPSHUHG QLFNHO VWHHO>@ WKHZHOGLQJ FRQVXPDEOHV
VHOHFWHG DQG WKH VWUHQJWK>@PDWFKHG RI WKHZHOG MRLQW LV WKH PDLQ IRFXV RI DWWHQWLRQ )RU;1L VWHHO RYHUKHDG
ZHOGLQJSRVLWLRQ WKHGRXEOHVLGHGV\QFKURQRXV7,*>@ LVDSSOLHG WRH[SHULPHQWDOSODWHVEDFNLQJZHOGLQJ WKHQ WKH
UHJXODU 7,* DQG 60$: DUH FDUULHG RXW UHVSHFWLYHO\ WR SURFHVV WKH ILOOLQJ ZHOGLQJ %DVHG WKH ZHOG MRLQW
PLFURVWUXFWXUH REVHUYDWLRQ DQG PHFKDQLFDO SHUIRUPDQFH H[SHULPHQW WKH ZHOG MRLQW PDWFKLQJ RI WZR NLQGV RI
GLIIHUHQWZHOGLQJFRQVXPDEOHVDQGPHWKRGVDUHDQDO\]HGLQWKLVSDSHU
([SHULPHQWDOPDWHULDOVDQGPHWKRGV
2.1. Chemical composition of the materials 
;1L VWHHO SODWHZLWK WKH WKLFNQHVV RI PPZDV SURGXFHG LQ&KLQD$FFRUGLQJ WR (XURSHDQ VWDQGDUG (1
 WKH FKHPLFDO FRPSRVLWLRQ LV VKRZQ LQ 7DEOH  7KH ILOOHU PHWDOV DUH (51L&U0R DQG (1L&U)H
UHVSHFWLYHO\ IRU WKH 7,* DQG 60$: DQG WKH FRUUHVSRQGLQJ GLDPHWHUV DUH PP DQG PP 7KH FKHPLFDO
FRPSRVLWLRQVRIILOOHUPHWDOVDUHVKRZQLQ7DEOH7DEOHUHVSHFWLYHO\
7DEOH&KHPLFDOFRPSRVLWLRQRI;1LVWHHOZW
& 6L 0Q 3 6 1L $OV 9 &X &U 0R 1 1E
            
7DEOH&KHPLFDOFRPSRVLWLRQRI(51L&U0RZW
& 6L 0Q 3 6 1L &U 9 0R &X &R )H :
            
7DEOH&KHPLFDOFRPSRVLWLRQRI(1L&U)HZW
& 6L 0Q 3 6 1L &U 0R &X )H : 1E
           

([SHULPHQWDOQLFNHOVWHHOSODWHRI;1LLVDNLQGRIXOWUDORZFDUERQVWHHOLWVFDUERQFRQWHQWLVDQGRQO\
 QLFNHO FRQWHQW LW LV KHDW WUHDWHG E\ TXHQFKLQJ DQG WHPSHULQJ WR JHW H[FHOOHQW SHUIRUPDQFH 5HVHDUFKHUV
EHOLHYHWKDWWKHPLFURVWUXFWXUHLVPDLQO\FRPSRVHGRIWHPSHUHGPDUWHQVLWHDQGUHYHUVHGDXVWHQLWH>@([SHULPHQWDO
ZHOGLQJZLUHVDQGHOHFWURGHVDUHDOOQLFNHOEDVHGPDWHULDOVWKHFRQWHQWRIQLFNHOUHDFKHGPRUHWKDQZKLFKFDQ
HIIHFWLYHO\SUHYHQWWKHFDUERQPLJUDWLRQ)LOOHUPHWDOVZLWKLQFUHDVHGQLFNHODUHFRQGXFLYHWRWKHWUDQVIRUPDWLRQRI
DXVWHQLWHLQWKHZHOGPHWDO7KHFDUERQFRQWHQWRIZHOGLQJZLUHVDQGHOHFWURGHVDUHQRWKLJKPDLQO\WKURXJKWKH&U
0R:DQGRWKHUDOOR\HOHPHQWV WR LPSURYH WKH VWUHQJWKRIZHOGPHWDO9HU\ ORZ&FRQWHQW LQZHOGLQJZLUHE\
LPSURYLQJ WKH0R:FRQWHQW WRPDNHXSIRUD ODFNRI& LQ WKHZHOGVWUHQJWKRIZHOGPHWDO WRSURGXFHDGYHUVH
HIIHFWV:KLOHWKH&FRQWHQWLQWKHHOHFWURGHLVFORVHWR;1LVWHHOFRPSDUHGZLWKWKHZHOGLQJZLUHWKHHOHFWURGH
LVDSSURSULDWHWRUHGXFHWKHFRQWHQWRI0RDQG:7KHQLFNHOHOHPHQWKDVDVWURQJDIILQLW\WR36HDV\WRIRUPORZ
PHOWLQJHXWHFWLFFRPSRXQGV>@ZKLFK LV WKHPDLQUHDVRQIRU;1LVWHHOZHOGFUDFNIRUPLQJ7KHUHIRUH WKHEDVH
PHWDOWKHZHOGLQJZLUHDQGHOHFWURGHPDWHULDOKDYHVWULFWFRQWURORIWKHFRQWHQWRI36DFWXDOPDWHULDOFRQWHQWLV
PXFKORZHUWKDQWKHFRUUHVSRQGLQJVWDQGDUGVZKLFKLVEHQHILFLDOWRSUHYHQWZHOGFUDFNV
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2.2. Mechanics performance of the materials 
([SHULPHQWDOVWHHOSODWHVRI;1LDUHORQJLWXGLQDOO\FXWDORQJWKHRULJLQDOVWHHOSODWHLWVVL]HLVPPîPP
îPP7KHPHFKDQLFDOSURSHUWLHVDUHVKRZQLQ7DEOH7KHFRUUHVSRQGLQJUHTXLUHPHQWYDOXHVRIWKHZHOGLQJ
ZLUHDQGZHOGLQJHOHFWURGHDUHVKRZQLQ7DEOH
7DEOH7KHPHFKDQLFDOSURSHUWLHVRI;1LVWHHO
 GHOLYHU\FRQGLWLRQV 5HO03D 5P03D $ ć$NY-
5HTXLUHGYDOXH 47  ̚  
DFWXDOYDOXH 47    
7DEOH5HTXLUHGYDOXHRIZHOGLQJZLUHDQGHOHFWURGH
EUDQG 5303D 5P03D $
(51L&U0R   
(1L&U)H   

7KH\LHOGVWUHQJWKRIQLFNHOEDVHGDOOR\LVORZHUWKDQWKDWRIWKHEDVHPHWDOZKLOHWKHWHQVLOHVWUHQJWKRIERWKLV
DOPRVW HTXDO WKLV LV D UHPDUNDEOH FKDUDFWHULVWLF RIZHOGLQJ MRLQW IRU1L VWHHO7KH\LHOG VWUHQJWKRI H[SHULPHQWDO
;1L VWHHO SODWH ZDV XS WR 03D DQG WKH DFWXDO \LHOG UDWLR UHDFKHG  ZKLOH WKH \LHOG VWUHQJWK RI
FRUUHVSRQGLQJ ZHOGLQJ PDWHULDO ZDV OHVV WKDQ  03D $FFRUGLQJ WR WKH WUDGLWLRQDO FRQFHSW RI PDWFKLQJ WKH
PDWFKLQJYDOXH0LVOHVVWKDQEHORQJVWRWKHORZPDWFKLQJ>@7KHWHQVLOHVWUHQJWKLVXVHGWRGHVFULEHWKHVWUHQJWK
RIWKHZHOGLQJMRLQWPDWFKLQJFRHIILFLHQWE\VRPHVFKRODUVIURPWKHSRLQWRIYLHZRIHQJLQHHULQJDSSOLFDWLRQWKH
WHQVLOHVWUHQJWKLVXVHGWRPHDVXUHWKHMRLQWPDWFKLQJLVUHDOLVWLF
2.3. Experimental methods 
$WSUHVHQWWKHFRPPRQZHOGLQJPHWKRGVIRUQLFNHOVWHHODUH60$:7,*DQG6$:1LFNHOFRQWHQWLVKLJKHULQ
;1LVWHHOZHOGLQJFRQVXPDEOHVDIWHUEHLQJPHOWHGWKHOLTXLGVWHHORIKLJKQLFNHOFRQWHQWLVPRUHYLVFRXVLW LV
QRWHDV\WRFRQWUROIRUZHOGHUZKLOHZHOGLQJ(VSHFLDOO\LQWKHRYHUKHDGZHOGLQJSRVLWLRQJRRGZHOGDSSHDUDQFHLV
KDUGWREHJXDUDQWHHG7KHUHIRUHUHGXFLQJWKHRYHUKHDGZHOGLQJSRVLWLRQRIZHOGLQJKDVJUHDWVLJQLILFDQFHIRUWKH
SUDFWLFDODSSOLFDWLRQ
7KHUHDUHWZRJURXSVH[SHULPHQWDOSODWHVXVHGIRUWKLVH[SHULPHQWWKH;1LVWHHOSODWHVDUH9JURRYHJURRYH
EOXQWHGJHPPDQGSODWHFOHDUDQFHPP$OO WKHSODWHVDGRSWGRXEOHVLGHGV\QFKURQRXV7,*IRUEDFNLQJ
ZHOGLQJDVVKRZQLQ)LJ7KHGRXEOHVLGHGV\QFKURQRXV7,*PHDQVPDLQDUFEDFNLQJZHOGLQJLQWKHIODWSRVLWLRQ
DWWKHVDPHWLPHDX[LOLDU\DUFDQGVKLHOGLQJJDVLQWKHRYHUKHDGSRVLWLRQDQGSURSHUILOOLQJZHOGLQJZKHQQHHGHG
ZKLFKJXDUDQWHHLQJWRIRUPJRRGDSSHDUDQFHRQWKHEDFN$IWHUEDFNLQJZHOGRIGRXEOHVLGHGV\QFKURQRXV7,*WKH
UHJXODU7,*DQG60$:DUHFDUULHGRXWUHVSHFWLYHO\WRSURFHVVWKHILOOLQJZHOGLQJLQIODWSRVLWLRQQDPHO\SODWH
7,*DQGSODWH60$:

)LJ'RXEOHVLGHGV\QFKURQRXV7,*
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2.4. Welding process parameters 
7KHZHOGLQJPDFKLQHW\SHLV$27$,:60( LQYHUWHU$&'&SXOVHDUJRQDUFZHOGLQJPDFKLQH:HOGLQJ
SRVLWLRQVDUHIODWRYHUKHDG7KHZHOGLQJSURFHVVSDUDPHWHUVDUHVKRZQLQ7DEOH
7DEOH:HOGLQJSURFHVVSDUDPHWHUV
:HOGLQJ
SDVV
:HOGLQJ
PHWKRG %UDQG
'LDPHWHU
 ( mm) 
3RODULW\
&XUUHQW
(A)
:HOGLQJ
YROWDJH
V)
:HOGLQJ
VSHHG 
(cm/min)
+HDW
LQSXW
(kJ/cm) 
PDLQDUF 7,* (51L&U0R  '&(1 ̚ ̚ ̚ ̚
DX[LOLDU\DUF 7,* (51L&U0R  '&(1 ̚ ̚  
̚Q 7,* (51L&U0R  '&(1 ̚ ̚ ̚ ̚
̚Q 60$: (1L&U)H  $& ̚ ̚ ̚ ̚

7KHPHOWLQJSRLQWRIZHOGPDWHULDOLVać>@ORZHUWKDQWKDWRIEDVHPHWDODQGLQFRPSOHWHIXVLRQGHIHFWV
DUHHDV\WRIRUPLQZHOGV3UHKHDWLQJLVQRWQHHGHGIRU;1LVWHHOEXWGU\LQJDGVRUEHQWPRLVWXUHLQVWHHOSODWHLV
LPSRUWDQWEHIRUHZHOGLQJ,QRUGHUWRSUHYHQWVPDOOFUDWHUWKHUPDOFUDFNVIRUPLQJDWZHOGLQJHQGLQJIRUWKH;1L
VWHHOLWVKRXOGWU\WRUHGXFHWKHQXPEHURIHDFKZHOGMRLQWZKHQRSHUDWLQJGRXEOHVLGHGV\QFKURQRXV7,*$X[LOLDU\
7,*ZHOGHUILOOVDUJRQJDVVHFRQGVDKHDGRIPDLQZHOGHUWRSURWHFWWKHEDFNDIWHUWKHPDLQDUFH[WLQFWDX[LOLDU\
ZHOGHUILOOVDUJRQJDVWRSURWHFWWKHEDFNODVWWRVHFRQGV:KHQILOOLQJZHOGLQJIRU60$:WKHSODFHRIVWULNLQJ
DUFVKRXOGDYRLGSUHYLRXVHOHFWURGHDUFFUDWHUILOOLQJDUFFUDWHUDVIDUDVSRVVLEOHEHIRUHZHOGLQJDUFEORZRXW
([SHULPHQWDOUHVXOWV
3.1. Microstructure 
0LFURVWUXFWXUHV RI ZHOGLQJ MRLQW DUH VKRZQ LQ )LJ  DQG )LJ  7KH )LJ  DQG  VKRZ WKDW PRVW RI WKH
PLFURVWUXFWXUHRIWKHZHOG]RQHLVDXVWHQLWHDQGPL[HGZLWKDVPDOODPRXQWRIGHQGULWHVKDSHįIHUULWHWKHSODWH
ZHOGDUHDZLWKPLFURFUDFNVH[LVWVFRQWLQXRXVO\7KH+$=PLFURVWUXFWXUHLVPDLQO\PDUWHQVLWHVXIIHULQJWKHHIIHFW
RIZHOGLQJWKHUPDOF\FOHZKLFKGHVWUR\VWKHRULJLQDOEDVHPHWDOKHDW WUHDWPHQWVWDWHVRWKDW WKHRULJLQDOUHYHUVHG
DXVWHQLWHUHGXFHVDQGPDUWHQVLWHLVJHQHUDWHG7KHFRDUVHQLQJRIWKHMRLQW+$=REYLRXVEHFDXVHWKHKHDWLQSXW
RI60$:LVVLJQLILFDQWO\KLJKHUWKDQWKDWRI7,*7KHDXVWHQLWHLQZHOGRI;1LVWHHOIRUPHGGXHWRKLJKFRQWHQW
RIQLFNHODOOR\ZKLOHWKHWHPSHUHGPDUWHQVLWHDQGUHYHUVHGDXVWHQLWHRIEDVHPHWDOSURGXFHGE\KHDWWUHDWPHQWLWV
SXUSRVHLVWRREWDLQIDYRUDEOHPLFURVWUXFWXUHZLWKORZWHPSHUDWXUHWRXJKQHVVDQGWKDWHDFK]RQHRIZHOGMRLQWZDV
PDLQWDLQHGDWDKLJKHULPSDFWYDOXHVRWKDWWKHWRXJKQHVVRIZHOGDQGEDVHPHWDODUHPDWFKLQJ

  
 DZHOGî E+$=î
)LJ0LFURVWUXFWXUHRISODWHMRLQW
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  
 FZHOGh G+$=î
)LJ0LFURVWUXFWXUHRISODWHMRLQW
3.2. Tensile experiment 
7KH WZR JURXSV RI H[SHULPHQWDO SODWH VWUHQJWK SHUIRUPDQFH H[SHULPHQW FRQVLVWV RI ZHOG GHSRVLWHG PHWDO
ORQJLWXGLQDOWHQVLOHWHVWDQGMRLQWWUDQVYHUVHWHQVLOHWHVWWKHH[SHULPHQWDOUHVXOWVDUHVKRZQLQ)LJDQG)LJ

  
 )LJ:HOGPHWDOVWUHQJWK )LJ7UDQVYHUVHWHQVLOHVWUHQJWK
7KHH[SHULPHQWDOSODWHZHOGGHSRVLWHGPHWDOWHQVLOHVWUHQJWKLVORZHUWKDQWKHORZHVWOLPLWYDOXH03DRI
WKHEDVHPHWDO VWUHQJWKEXWH[FHHGHG WKH ORZHU OLPLWYDOXHRI WKDWRI WKHH[SHULPHQWDOSODWHH[FHHGV WKH
UHTXLUHG ORZHVW OLPLW YDOXH RI WKH EDVHPHWDO 7KH H[SHULPHQWDO UHVXOWV LQGLFDWH WKDW WKH GHSRVLWHGPHWDO WHQVLOH
VWUHQJWK RI HOHFWURGH DQG ZHOGLQJ ZLUH LV ORZHU WKDQ WKDW RI WKH EDVH PHWDO ZKLFK ZHUH EHOLHYHG WR EH
XQGHUPDWFKLQJZHOGLQJFRQVXPDEOHV7KH7,*ILOOHGH[SHULPHQWDOSODWHWUDQVYHUVHWHQVLOHVWUHQJWKLVORZHUWKDQ
WKDWRI WKH60$:ILOOHGSODWHEXW WKH WUDQVYHUVH WHQVLOH VWUHQJWKDOOH[FHHG WKH ORZHVW OLPLWYDOXHRI WKHEDVH
PHWDOWHQVLOHVWUHQJWK,WFDQEHVHHQWKDWWKHZHOGLQJMRLQWVWLOOFDQDFKLHYHHTXDOVWUHQJWKPDWFKLQJ>@DOWKRXJKWKH
GHSRVLWHGPHWDOVWUHQJWKRIZHOGLQJFRQVXPDEOHVVHOHFWHGLVORZHUWKDQWKDWRIWKHEDVHPHWDO
3.3. Low temperature impact experiment 
/RZWHPSHUDWXUHLPSDFWH[SHULPHQWZHUHUHVSHFWLYHO\FDUULHGRXWIRUWKHZHOGIXVLRQOLQHDQG+$=DWć
WKHUHVXOWVDUHVKRZQLQ)LJ
$VFDQEHVHHQIURPWKHDERYHWKHORZWHPSHUDWXUHLPSDFWYDOXHVRIWZRJURXSVSODWHVIURPWKHZHOGWRIXVLRQ
OLQHDQG+$=VKRZHGDQLQFUHDVLQJWUHQG7KHORZWHPSHUDWXUHLPSDFWDYHUDJHYDOXHRISODWHMRLQWLVJUHDWHUWKDQ
-ZKLFKRISODWHMRLQWDYHUDJHYDOXHLVPRUHWKDQ-7KHFRPSDULVRQUHVXOWVLQGLFDWHWKDWORZHUKHDWLQSXW
ZLWK7,*LVPRUHIDYRUDEOHWRLPSURYHWKHMRLQWORZWHPSHUDWXUHLPSDFWWRXJKQHVV7ZRNLQGVRIZHOGHGMRLQWVORZ
WHPSHUDWXUHLPSDFWSURSHUWLHVDQGEDVHPHWDODUHJRRGPDWFKLQJ
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

)LJ,PSDFWWRXJKQHVVRIMRLQW
3.4. Bend experiment 
7KH\LHOGVWUHQJWKRIZHOGLQJFRQVXPDEOHVDQGQLFNHOEDVHPHWDOGLVSDULW\LVODUJHZKHQWKHFRQYHQWLRQDOVLGH
EHQGH[SHULPHQWVSHFLPHQGHIRUPDWLRQDOOFRQFHQWUDWHGLQWKHZHOG]RQHZLWKORZHU\LHOGVWUHQJWK,ILQWHUQDOILQH
FUDFNV H[LVW RU GHIRUPDWLRQ HORQJDWLRQ RI GHSRVLWHG PHWDO H[FHHGV WKH OLPLW YDOXH WKH VDPSOH ZLOO EH EURNHQ
LPPHGLDWHO\ WKHUHIRUH ORQJLWXGLQDO EHQGLQJXVXDOO\ DUHXVHG LQVWHDGRI VLGHEHQGLQJ IRU WKH QLFNHO VWHHO EHQGHG
H[SHULPHQW )RXU VLGH EHQGHG H[SHULPHQWV ZHUH WDNHQ IURP HDFK JURXS WKH H[SHULPHQW UHVXOWV LQGLFDWH WKDW WKH
EHQGHGVSHFLPHQLVDFFHSWDEOHDVVKRZHGLQ)LJDQG)LJ

  
 )LJSODWHORQJLWXGLQDOEHQGHGVSHFLPHQ )LJSODWHORQJLWXGLQDOEHQGHGVSHFLPHQ
3.5. Hardness experiment 

)LJ+DUGQHVVRIMRLQW
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7KH KDUGQHVV H[SHULPHQW UHVXOWV DERXWZHOG MRLQW +$= DQG EDVHPHWDO DUH VKRZQ LQ )LJ  7ZR JURXSV RI
H[SHULPHQWDOSODWHMRLQWKDUGQHVVGLVWULEXWLRQZHUHLQYHUWHG:VKDSHKDUGQHVVLQZHOGFHQWHULVWKHORZHVW7KH
EDVHPHWDODQG+$=DOOFRQWDLQKDUGHQLQJPDUWHQVLWHVRWKHKDUGQHVVLVKLJKHUWKDQWKDWRIZHOGFHQWHUDUHD%RWK
VLGHVRI WKHZHOG+$=KDUGQHVVDUHKLJKHUEHFDXVHRIFRQWDLQLQJPRUHPDUWHQVLWH:KHQ;1LVWHHO LVZHOGHG
+$=LVVHQVLWLYHWRKHDWLQSXWLQWKH+$=IRUPHGDKDUGHQHGWLVVXHUHVXOWLQJLQKLJKKDUGQHVVEXWFRXOGPHHWWKH
VWDQGDUGUHTXLUHPHQWRIOHVVWKDQ
&RQFOXVLRQV
 $IWHUEDFNLQJZHOGRIGRXEOHVLGHGV\QFKURQRXV7,* WKHRYHUKHDGZHOGLQJSRVLWLRQZDVFKDQJHGLQWRIODW
SRVLWLRQWKHUHJXODU7,*DQG60$:DUHFDUULHGRXWUHVSHFWLYHO\WRSURFHVVWKHILOOLQJZHOGLQJLQIODWSRVLWLRQ6R
EDFNJRXJLQJZDVDYRLGHGDQGUHGXFHGWKHZHOGLQJRIRYHUKHDGZHOGLQJSRVLWLRQWKDWHQVXUH;1LVWHHOZHOGLQJ
TXDOLW\DQGWKHDSSHDUDQFHRIZHOGVHDPIRUPLQJ
7KHORZWHPSHUDWXUHLPSDFWHQHUJ\DWćLQGLIIHUHQW]RQHVRIWZRNLQGVRIZHOGMRLQWVUHDFKWR-DQG
PRUHEHWWHUPDWFKHGZLWKWKHEDVHPHWDO7KHORZHUKHDWLQSXWRI7,*LVPRUHIDYRUDEOHIRULPSURYLQJWKHLPSDFW
WRXJKQHVVRIMRLQWV
1LFNHOEDVHZHOGLQJZLUHRUHOHFWURGHDUHXVHGWRZHOG;1LVWHHOZHOGPHWDOVWUHQJWKLVORZHUWKDQWKDWRI
EDVHPHWDOEXWWKHWUDQVYHUVHWHQVLOHVWUHQJWKDOOH[FHHGVWKHORZHVWOLPLWRIWKHEDVHPHWDOVRWKHZHOGMRLQWFDQ
DFKLHYHHTXDOVWUHQJWKPDWFKLQJ
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